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African primates are naturally infected with over 40 different simian immunodeficiency viruses (SIVs), two of which have crossed the species barrier and generated human immunodeficiency virus types 1 and 2 (HIV-1 and HIV-2) 1, 2 . Unlike the human viruses, however, SIVs do not generally cause acquired immunodeficiency syndrome (AIDS) in their natural hosts 3 . Here we show that SIVcpz, the immediate precursor of HIV-1, is pathogenic in free-ranging chimpanzees. By following 94 members of two habituated chimpanzee communities in Gombe National Park, Tanzania, for over 9 years, we found a 10-to 16-fold higher agecorrected death hazard for SIVcpz-infected (n 5 17) compared to uninfected (n 5 77) chimpanzees. We also found that SIVcpzinfected females were less likely to give birth and had a higher infant mortality rate than uninfected females. Immunohistochemistry and in situ hybridization of post-mortem spleen and lymph node samples from three infected and two uninfected chimpanzees revealed significant CD4 1 T-cell depletion in all infected individuals, with evidence of high viral replication and extensive follicular dendritic cell virus trapping in one of them. One female, who died within 3 years of acquiring SIVcpz, had histopathological findings consistent with end-stage AIDS. These results indicate that SIVcpz, like HIV-1, is associated with progressive CD4
1 T-cell loss, lymphatic tissue destruction and premature death. These findings challenge the prevailing view that all natural SIV infections are non-pathogenic and suggest that SIVcpz has a substantial negative impact on the health, reproduction and lifespan of chimpanzees in the wild.
Little is known about the in vivo pathogenicity of SIVcpz because, until recently, it has been impossible to identify and monitor infected apes in the wild 2 . Since the first description of SIVcpz in wild-caught chimpanzees, only seven naturally infected apes have been studied in captivity, five of whom died as infants of unknown causes shortly after they were placed in sanctuaries 2 . Only one naturally infected chimpanzee was subjected to virological and immunological analyses, and in this ape, SIVcpz infection was not associated with CD4
1 T-cell decline, loss of T-cell function, or degenerative changes in lymph node architecture [4] [5] [6] . Similar findings were also reported for two other chimpanzees inoculated with SIVcpz in captivity 6 . On the basis of these data, it has been assumed that SIVcpz resembles other natural SIV infections of sooty mangabeys and African green monkeys in its non-pathogenic phenotype. However, field and molecular studies suggested otherwise 7, 8 . Epidemiological surveys showed that SIVcpz is less prevalent and much less evenly distributed among wild communities than are SIVs infecting sooty mangabeys and African green monkeys 2, 7, 8 . Moreover, SIVcpz was found to be one of very few SIVs to have lost a highly conserved Nef function (that is, the ability to down-modulate the T-cell receptor from the surface of infected CD4
1 T cells) that correlates with CD4 1 T-cell preservation in naturally infected primates 9, 10 . Finally, evolutionary analyses revealed that chimpanzees, like humans, acquired SIVcpz relatively more recently by cross-species transmission of SIVs through infected monkeys on which chimpanzees prey 11 . Collectively these data suggested that the natural history of SIVcpz infection differs from that of other primate lentiviruses. To examine this, we initiated a prospective study in Gombe National Park, Tanzania, the only field site where SIVcpz can be studied in wildliving, yet habituated, chimpanzee communities 2, 7 . Gombe National Park is located on the shores of Lake Tanganyika and is home to three chimpanzee communities, termed Kasekela (,65 members), Mitumba (,25 members) and Kalande (10-20 members) ( Supplementary Fig. 1 ). The Kasekela and Mitumba chimpanzees have been under continuous observation since the 1960s and 1980s, respectively, and their demography, social structure, reproductive behaviour and individual life histories are well known 12, 13 . The Kalande chimpanzees are not habituated and thus much less well studied. Although the three communities have distinct ranges, interactions between members occur in the form of territorial fights and the migration of adolescent females who typically leave their natal group before having their first offspring. Owing to extensive habitat destruction surrounding the park ( Supplementary Fig. 1a ), the Gombe chimpanzees have become isolated from other east African ape communities in recent decades. SIVcpz infection has been documented in all three Gombe communities SIVcpz testing of Gombe chimpanzees began in 2000 when noninvasive (faecal-and urine-based) assays for virus-specific antibody and nucleic acid detection were first developed 2, 7 . Since then, 226 urine and 1,153 faecal samples have been collected from 100 chimpanzees (median 11 samples per individual; range 1-70), including 69 from Kasekela and 25 from Mitumba (Supplementary Table 1 ). Most chimpanzees were sampled at least once every year, and 32 individuals were followed continuously over 7 years. Urine and faecal samples were examined for SIVcpz antibodies by western blot analysis, and a subset of antibody-positive faecal samples was tested for viral RNA by reverse transcription polymerase chain reaction (RT-PCR) amplification 7, 8 . In addition, all chimpanzees were genotyped by amplifying mitochondrial and microsatellite markers from faecal DNA to verify sample identity 8 . Using these non-invasive approaches, we found 13 Kasekela and 4 Mitumba chimpanzees to be antibody-positive, 14 of whom also had detectable SIVcpz RNA in their faeces (Fig. 1) . Nine chimpanzees were infected at first analysis, whereas eight others were identified during the course of the study (Fig. 1a) . The latter included two infants of SIVcpz-infected mothers (Ch-062 and Ch-103), as well as six individuals who acquired incident infections after exposure to infected community members (Ch-004, Ch-021, Ch-036, Ch-039, Ch-048 and Ch-052). Figure 1b depicts the proportion of SIVcpz-positive chimpanzees in Mitumba and Kasekela over a 7-year observation period. During this time, SIVcpz prevalence rates ranged between 9% and 18%.
To examine the relationship of the newly identified viruses to each other and to previously characterized SIVcpz strains, we constructed phylogenetic trees of available pol (481-854 bp) and env-nef (279-609 bp) sequences ( Supplementary Fig. 2 ). For these analyses, we also included five SIVcpz strains from the non-habituated Kalande community. The results showed that all Gombe viruses formed a monophyletic lineage within the SIVcpzPts (SIVcpz from Pan troglodytes schweinfurthii) radiation. Within this lineage, viruses from Mitumba, Kasekela and Kalande were interspersed, indicating frequent transfer of SIVcpz between communities, most probably via migrating females. Phylogenetic analyses also identified clusters of epidemiologically linked infections, indicating horizontal transmission. One such cluster included four Kasekela chimpanzees (Ch-004, Ch-021, Ch-036 and Ch-052), all of whom became infected within a 20 month time period (Supplementary Table 2 ). In humans, primary HIV-1 infection is responsible for a substantial portion of new transmissions because acutely infected individuals have higher viral loads and are more infectious than chronically infected individuals 14 . The finding of nearly identical viruses in four chimpanzees thus suggests that some of them acquired SIVcpz from acutely infected mating partners. Closely related viruses were also observed in a presumed mother/daughter pair (Ch-071 and Ch-099), suggesting vertical transmission, but this conclusion remains tentative because both females were already sexually active at the time of first sampling (Supplementary Table 3 ). In addition, vertical transmission is suspected in two infants (Ch-062 and Ch-103) who were faecalantibody-positive (but viral RNA-negative) at the age of 1.8 and 2.6 years, respectively. Interestingly, one of these (Ch-103) was born to a SIVcpz-negative mother (Ch-021) who became infected 10-15 months after giving birth (Supplementary Table 3 ). Thus, the infant seems to have acquired SIVcpz by breast milk transmission.
Together, these data suggest that SIVcpz, like HIV-1, is transmitted by both horizontal and vertical routes.
To determine whether SIVcpz infection has an impact on chimpanzee survival, we used discrete event-history methods to model the hazard of death for both infected and uninfected individuals. For this analysis, only Kasekela and Mitumba chimpanzees of known SIVcpz infection status were included. During the 9-year observation period, 7 of 17 infected and 11 of 77 uninfected chimpanzees died or disappeared. Death of missing individuals was defined based on previously reported criteria 15, 16 , and for all but one chimpanzee for whom only urine samples were available (Ch-037), infection was confirmed using genotyped faecal samples. Age, sex, SIVcpz infection and death status were tabulated for each individual in each year, yielding over 550 chimpanzee years of observation for analysis. Figure 2 compares the survival rates of SIVcpz-infected (red) and uninfected (blue) chimpanzees using maximally and minimally conservative event definitions. For a maximally conservative estimate (Fig. 2a) , the two faecal antibody-positive but viral RNA-negative infants were classified as SIVcpz negative, and two uninfected females who went missing for more than 1 year were counted as being dead (this resulted in the removal of one potentially SIVcpz-related death and the addition of two SIVcpz-unrelated deaths). For a less conservative estimate (Fig. 2b) , the two infants were assumed to be infected, and the two females were censored, that is, assumed to have migrated to Kalande or outside the park (this resulted in the addition of one SIVcpz-related death and the removal of two SIVcpz-unrelated deaths). The results showed that SIVcpz-infected chimpanzees died at a significantly faster rate, even under the most stringent assumptions. The maximally conservative approach yielded a 9.8-fold increased death hazard for SIVcpz-positive chimpanzees (95% confidence interval 5 2.8-34.3; P , 0.0001), whereas the less conservative approach indicated a 15.6-fold increased hazard (95% confidence interval 5 4.7-51.8; P , 0.0001).
We also examined the impact of SIVcpz infection on female fertility and infant survival. During the 9-year study period, 22 of 30 uninfected females gave birth to 30 infants, whereas 4 of 9 SIVcpzinfected females gave birth to 4 infants (only Kasekela and Mitumba females of known SIVcpz status at the time of delivery were included). For each female, age, SIVcpz status and the risk of becoming pregnant (taking into account adolescent subfecundity, lactational amenorrhea and immigration status; see Methods) were tabulated, and the number of births per total number of risk years was determined. This yielded significantly different (P 5 0.034) birth rates of 0.32 (29 births per 90 female years) and 0.13 (4 births per 30 female years) for uninfected and infected females, respectively, indicating that the odds of an infected female giving birth were 3.1 times lower than those of an uninfected female. In addition, there was a significant association between the SIVcpz status of the mother and the survival of the infant. Of the 30 babies born to uninfected mothers, only six died before the age of 1 year. In contrast, all four infants born to SIVcpz-infected mothers died before their first birthday (Supplementary Table 4 ). Therefore, infants born to SIVcpz-infected mothers had a significantly higher mortality rate than infants born to uninfected mothers (P 5 0.005).
One Kasekela female (Ch-036), who became infected during the course of the study (between December 2004 and March 2006), died within 3 years of acquiring SIVcpz (November 2007; Fig. 1a) . She had no observable injuries, but exhibited profound weakness and lethargy several days before her death. At necropsy, she had severe cachexia with skeletal muscle and hepatocellular atrophy, as well as multiple abdominal abscesses due to nematode infestation. Histologically, pancreatic and mesenteric lymph nodes had marked depletion of both cortical and paracortical lymphocytes (Fig. 3a) . Specific staining of spleen sections with B-cell and T-cell markers (CD79a and CD3, respectively) confirmed severe lymphopenia and showed that over 95% of the remaining lymphocytes were B cells (Fig. 3b and c) . The spleen also contained multiple areas of follicular hyalinization, which is a hallmark of lymphatic tissue destruction. These histopathological findings are consistent with end-stage HIV-1 and SIVmac infections 17, 18 , and suggested that Ch-036 died of an AIDS-like illness. To examine whether the lymphatic depletion in Ch-036 represented a rare case of immunodeficiency known to occur sporadically in nonpathogenic SIV infections 19 , we obtained post-mortem spleen samples from two additional infected (Ch-045 and Ch-099) and uninfected (Ch-016 and Ch-069) chimpanzees. Three of these (including both infected chimpanzees) died of trauma-related causes, in one instance following intra-group aggression (Ch-045) and in the two others, following spinal cord injury (Ch-069 and Ch-099); the fourth (uninfected) chimpanzee (Ch-016) died of age-related conditions shortly before reaching his 40th birthday.
Spleen sections from these four chimpanzees, as well as from Ch-036, were stained with CD4-specific antibodies (as well as CD3 and CD20 antibodies as controls). CD4
1 T cells were then quantified by determining the percentage area of periarteriolar lymphoid sheaths (PALS, the T-cell zone equivalent in lymph nodes) that stained positive for CD4. The results revealed that each of the three infected chimpanzees had fewer CD4
1 T cells in their spleen than either of the two uninfected controls (Fig. 4) . These differences were statistically significant whether chimpanzees were compared individually or as groups. The most profound CD4 1 T-cell loss was seen in Ch-036, whose spleen was also depleted of CD3
1 T cells and CD20 1 B cells ( Supplementary  Fig. 3) . A reduction of CD4 1 T cells was also apparent in the PALS of Ch-045 and Ch-099; however, this depletion was less pronounced, especially in Ch-099, and occurred in the absence of a concurrent loss of other CD3
1 T-cell and B-cell populations ( Supplementary Fig. 3 ). Thus, in the two infected apes who died of trauma-related causes, CD4
1 T-cells were selectively depleted whereas other lymphocyte populations remained intact, suggesting that SIVcpz is associated with progressive CD4
1 T-cell killing through all stages of infection, including clinical latency.
Splenic tissues were also examined for evidence of collagen deposition in the PALS, which is a non-specific marker of chronic immune activation 20, 21 . Although some collagen was detected in the PALS of Ch-099 and the two uninfected chimpanzees, this amount was substantially less than that detected in the PALS of Ch-045, and in particular Ch-036 (Supplementary Fig. 3 ). In HIV-1-infected humans, collagen deposition in T-cell zones and PALS correlates with CD4 1 T-cell depletion, altered CD4 T-cell homeostasis and overall immune dysfunction 20, 21 . Consistent with this, fibrotic scarring of the PALS was most severe in Ch-036, intermediate in Ch-045, and minimal in Ch-099 (also see Fig. 4 ). Thus, SIVcpz seems to cause immune deficiency by mechanisms that are very similar to those of HIV-1. Indeed, in situ hybridization using SIVcpz-specific RNA probes revealed numerous productively infected lymphocytes in the spleen of Ch-045, documenting active viral replication and extensive trapping of virus particles by follicular dendritic cells ( Supplementary Fig. 4) .
We show here that SIVcpz-infected chimpanzees in Gombe have a 10-16-fold increased death hazard compared to uninfected chimpanzees, and that infected females are less likely to give birth and have fewer surviving offspring. We also show that SIVcpz infection is associated with progressive CD4
1 T-cell loss and immune system destruction, which are hallmarks of pathogenic HIV-1 infection. Although based on a limited sample size, these results suggest that SIVcpz, like HIV-1 in humans [22] [23] [24] [25] , has a substantial negative impact on the health, reproduction and lifespan of wild chimpanzees. What is less certain is the magnitude of this effect and its contribution to the population decline of chimpanzees in Gombe 16, 26 and elsewhere. Before the introduction of highly active antiretroviral therapy, HIV-1-infected humans had a 18-60-fold higher risk of death than uninfected individuals [23] [24] [25] , whereas HIV-2-infected humans had a 2-5-fold higher risk 25, 27 . In contrast, SIVsmm, the immediate precursor of HIV-2 (ref. 1), does not seem to affect the lifespan of its host, as evidenced by nearly identical survival curves of infected (n 5 167) and uninfected (n 5 62) sooty mangabeys at the Yerkes primate centre (Supplementary Fig. 5 ). On the basis of these mortality data, SIVcpz seems to be less pathogenic than HIV-1, but more pathogenic than HIV-2 and SIVsmm. Although the generality of these results remains to be confirmed in a larger number of chimpanzees the finding that SIVcpz is pathogenic in Gombe provides a unique opportunity to compare disease-causing mechanisms of two closely related viruses in two closely related species. Such an approach is likely to accelerate the identification of viral and host factors responsible for HIV/SIV disease progression, and could lead to novel therapeutic and preventive measures that will benefit both humans and chimpanzees.
METHODS SUMMARY
Observational data. Kasekela and Mitumba chimpanzees have been observed daily since the 1960s and 1980s, respectively, providing a continuous long-term record of community demography and individual behaviour 12, 13, 16, 26 . Non-invasive SIVcpz testing. Chimpanzee faecal and urine samples were tested for virus-specific antibodies by western blot analysis, and SIVcpz infection was confirmed by RT-PCR (GenBank accession numbers FJ895381-FJ895405) 7, 8 . All faecal samples used for SIVcpz status determination were genotyped (Supplementary Table 1 ). Phylogenetic analyses. Phylogenetic trees of SIVcpz pol and env-nef sequences were inferred by Bayesian methods 28 using a general time-reversible (GTR) likelihood model. Mortality analyses. SIVcpz-associated mortality hazards were estimated using discrete event history methods as a function of measured covariates (age, sex and SIVcpz status) 29 . SIVsmm-associated survival differences were examined using a Cox proportional hazards model. Necropsy. Complete necropsies were performed on five chimpanzees whose bodies were recovered within 6-18 h of death. Pathological and histological examinations were performed on all organs. Immunohistochemistry, in situ hybridization and quantitative image analysis. Post-mortem spleen and lymph node samples were subjected to in situ hybridization, immunohistochemical staining and quantitative image analysis as described previously 20, 21 . Splenic CD4
1 T cells were quantified by manually extracting the images of representative PALS into Photoshop (Adobe), and by determining the percentage of area that stained positive for CD4 (refs 20, 21) . 1 T cells in SIVcpz-infected (red bars) and uninfected (solid black bars) chimpanzees, as well as in uninfected human (HU, black hatched bar), SIVmac-infected rhesus macaque (RM, blue hatched bar), and SIVsmm-infected sooty mangabey (SM, solid blue bar) controls. Representative PALS (8-24 per individual) were extracted and the percentage of area that stained positive for CD4 was determined 20, 21 . Average values are shown, with error bars indicating s.e.m. All three SIVcpzinfected chimpanzees had significantly lower CD4
1 T-cell counts than the two uninfected controls (ANOVA F-test; P 5 0.024). The SIVmac-infected rhesus macaque had end-stage AIDS.
